Fructokinase activity was demonstrated in seven strains of oral streptococci. The enzyme purified from Streptococcus mutans SL-1 was capable of phosphorylating both D-fructose and D-mannose to their respective 6-phosphates. Phosphorylation of both fructose and mannose was dependent on adenosine 5'-triphosphate and a divalent metal ion. The molecular weight of the purified enzyme was estimated to be 49,000. The apparent Km of the enzyme for fructose was 0.63 mM. This enzyme also utilized mannose as a substrate, with an apparent Km for mannose of 0.37 mM. Since the activities of the enzyme toward mannose and fructose were not separated upon purification of the enzyme and since mannose was a competitive inhibitor of fructose phosphorylation, the purified kinase is a single enzyme, mannofructokinase, with dual specificity for both mannose and fructose. A role for this enzyme in carbohydrate metabolism in S. mutans is postulated.
Fructokinase activity was demonstrated in seven strains of oral streptococci. The enzyme purified from Streptococcus mutans SL-1 was capable of phosphorylating both D-fructose and D-mannose to their respective 6-phosphates. Phosphorylation of both fructose and mannose was dependent on adenosine 5'-triphosphate and a divalent metal ion. The molecular weight of the purified enzyme was estimated to be 49,000. The apparent Km of the enzyme for fructose was 0.63 mM. This enzyme also utilized mannose as a substrate, with an apparent Km for mannose of 0.37 mM. Since the activities of the enzyme toward mannose and fructose were not separated upon purification of the enzyme and since mannose was a competitive inhibitor of fructose phosphorylation, the purified kinase is a single enzyme, mannofructokinase, with dual specificity for both mannose and fructose. A role for this enzyme in carbohydrate metabolism in S. mutans is postulated.
Streptococcus mutans has been implicated as a prime etiological agent in the formation of multisurface dental caries (10) . Growth of this organism in the presence of sucrose results in the synthesis of adherent, insoluble glucans, which are thought to comprise a major portion of the mass of dental plaque (13) . However, there is ample evidence that sucrose is converted primarily to lactic acid during fermentation (22) . The enzymes responsible for extracellular polysaccharide formation and extracellular sucrose hydrolysis have been reported previously (3, 23) .
Free, extracellular fructose arises from both of these activities. Under normal conditions, we would expect free extracellular fructose to be transported by the fructose phosphotransferase system (21) . In addition, there are two mechanisms for the intracellular dissimilation of sucrose. One involves sucrose permeation and its subsequent hydrolysis by an intracellular invertase (9) . The other pathway is comprised of a phosphoenolpyruvate-dependent sucrose phosphotransferase system that results in the intracellular accumulation of sucrose 6-phosphate which is subsequently hydrolyzed to glucose 6- phosphate and fructose (4, 19, 21 (1).
Characterization of reaction products. Purified preparations of mannofructokinase were incubated with isotopically labeled sugars in reaction mixtures containing 100 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer (pH 7.5), 10 mM ATP, 10 mM MgCl2, 10 mM sugar, an amount of enzyme calculated to yield 50% completion of the reaction in 30 min, and one of the following "4C-labeled (1 ytCi/,umol) or 3H-labeled (4.5 MXCi/tmol) sugars in a volume of 1 pI of each reaction mixture was spotted onto a paper strip (3 by 60 cm; Whatman 3MM filter paper) together with appropriate standards. The chromatograms were developed overnight in butanol-acetic acid-water (5:2:3). Radioactivity profiles were determined with a Packard radiochromatogram scanner and were correlated with standards after visualization of the strips with a phosphate-detecting reagent (2).
Concurrently run chromatograms spotted with appropriate standards were sprayed with 1% aniline phthalate in ethanol to detect aldoses and ketoses.
Disc gel electrophoresis. Electrophoresis of samples in 7 .5% polyacrylamide using a pH 9.3 tris-(hydroxymethyl)aminomethane-glycine buffer system was performed by the method of Ornstein (14) and Davis (5) . Protein was detected in the gels by using the Coomassie brilliant blue G-250 (Gallard Schlesinger) staining method of Diezel et al. (6) . Fructokinase activity in the gels was localized by using an activity stain based on the precipitation of Nitro Blue Tetrazolium in its reduced form (8) . The activity-staining solution contained 50 mM HEPES buffer (pH 7.5), 10 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from mM ATP, 10 mM MgCl2, 1 mg of nicotinamide adenine dinucleotide phosphate per ml, 50 mM fructose, 3 IU of hexose phosphate isomerase, 3 IU of glucose-6-phosphate dehydrogenase, 0.002% phenazine methosulfate and 0.2 mg of Nitro Blue Tetrazolium per ml. The activity-staining solution used to localize mannokinase activity in the gels contained mannose instead of fructose and 10 IU of mannose phosphate isomerase in addition to the ingredients used for localizing fructokinase activity. Activity-staining solutions were prepared just before use. After electrophoresis, gels were rinsed in 0.1 M HEPES buffer (pH 7.5), immersed in the activity-staining solution, and allowed to develop in the dark at ambient temperature. To avoid nonspecific binding of the formazan, gels were removed from the mixture as soon as activity bands (purple color) were observed. The gels were stored in 5% acetic acid.
RESULTS
Survey of extracts of oral streptococci for ATP-dependent phosphorylation of Dfructose. Extracts of seven strains of oral streptococci, grown with either glucose, mannose, fructose, or sucrose as the growth substrate, were evaluated for their ability to phosphorylate D-fructose. As Table 1 shows, extracts of all seven strains possessed varying levels of fructokinase activity. The activity was dependent on ATP, Mg2", fructose, and added hexose phosphate isomerase. Four of the seven strains exhibited more fructokinase activity when cultured on sucrose than when cultured on any of the monosaccharides. Conversely, S. mutans E49 had more fructokinase activity when cultured in the presence of glucose, fructose, or mannose than when grown in sucrose-containing media. Fructokinase Purification of mannofructokinase from S. mutans SL-1. Extracts of cells harvested from a 6-liter culture of S. mutans SL-1 grown in Jordan broth containing 30 mM sucrose were dialyzed, concentrated 10-fold, and applied to a DEAE-cellulose ion-exchange column equilibrated with buffer 1. The column was developed with a linear gradient from 0 to 0.35 M KCl in buffer 1. Mannofructokinase activity was localized in fractions 67 to 75 (Fig. 1) ; a distinct glucokinase activity (15; Porter and Chassy, Fed. Table 2. A sample of the mannofructokinase preparation eluted from the Ultrogel column was subjected to disc gel electrophoresis in an anionic buffer system, as described by Ornstein (14) and Davis (5) . There were three major and two minor protein bands (Fig. 3) ; the band staining for mannofructokinase activity corresponded to the most intensely stained protein band. Based on densitometric scanning of gels stained for protein, the final preparation appeared to be no more than 40% pure. It is possible that some of the minor bands represented inactive mannofructokinase or mannofructokinase modified during purification.
Characterization of the product of ATP- Ltion since hexosephosphate isom-phosphorylation (Fig. 5) (15) . The results of this study indicated that extracts of six other strains of oral streptococci were also capable of ATP-dependent phosphorylation of fructose. In addition, the levels of fructokinase observed in four of these strains were elevated after growth in the presence of sucrose. It has been reported that S. mutans 6715 possesses a fructose-specific phosphoenolpyruvate-dependent phosphotransferase activity which transports and phosphorylates fructose (21) . These (22) .
To determine whether the ATP-dependent phosphorylation of fructose and mannose that was detected in initial extracts was the result of unique kinases acting on D-fructose and D-mannose or the result of a hexokinase having broad specificity, a purification was undertaken. Cellulose ion-exchange chromatography completely resolved fructose-and mannose-phosphorylating activities from glucokinase, demonstrating that distinct enzymes were present. However, further purification could not resolve a mannosephosphorylating activity from the fructose-phosphorylating activity, although no other sugars studied were phosphorylated. The ratio of fructokinase activity to mannokinase activity for the peak fractions from both DEAE-cellulose chromatography ( Fig. 1) and Ultrogel AcA 54 chromatography (Fig. 2) was constant, suggesting a single enzyme with dual specificity for fructose and mannose. Electrophoresis indicated that the purified preparation had five distinct protein species; the major protein band corresponded to bands observed on gels stained separately for enzyme activity with fructose or mannose as substrate (Fig. 3) . It is possible, especially in view of the rapid inactivation of mannofructokinase, that one or more ofthese bands represent inactive, dissociated, or denatured mannofructokinase. Although the final preparation is not homogeneous, kinetic evidence (mannose is a competitive inhibitor of fructose phosphorylation) is consistent with the conclusion that a single kinase is responsible for the phosphorylation of both fructose and mannose. Although this conclusion is strongly supported by the data reported here, absolute proof of the identity of the two phosphorylating activities must await isolation of a homogeneous preparation of mannofructokinase. Sapico and Anderson (17) have reported similar results for mannofructokinase isolated from another lactic acid bacterium, Leuconostoc mesenteroides. The dual specificity of L. mesenteroides mannofructokinase was explained by the observation that stereochemical models of a-D-mannopyranose and fi-D-fructofuranose share striking topological and spatial similarities. A somewhat less specific mannokinase reportedly occurs in Escherichia coli (18) , and a mannokinase with some activity toward glucose has been identified in Streptomyces violaceoruber (16) .
Other similarities exist between the kinase isolated from S. mutans and the kinase of L. fructose or mannose is the 6-phosphate derivative of the hexose. The molecular weights are similar-47,000 for the kinase from L. mesenteroides (ultracentrifugational analysis), compared with 49,000 for the enzyme from S. mutans (gel filtration). The purified kinase from L. mesenteroides is unstable in low-ionic-strength buffers, as is the kinase preparation from S. mutans SL-1. In contrast, the mannofructokinase from S. mutans SL-1 could not be stabilized by ammonium sulfate. Even the electrophoretic mobilities of the enzymes from L. mesenteroides (17) and S. mutans SL-1 (Fig. 2) appear to be similar. It will be of interest to test the hypothesis that there is some structural homology between the enzymes isolated from L. mesenteroides and S. mutans SL-1.
We conclude that S. mutans SL-1 possesses a kinase for the phosphorylation of intracellular fructose and mannose. This finding could account for the ability of this bacterium to metabolize both the glucosyl and the fructosyl moieties of sucrose through glycolysis. In addition, it provides a mechanism for the phosphorylation of fructose under conditions unfavorable to the transport of fructose by the phosphoenolpyruvate-dependent phosphotransferase system, as might occur at low pH values (11) . Chassy and Porter (4) have recently found an intracellular enzyme in extracts of S. mutans 6715-10 that is capable of hydrolysis of sucrose 6-phosphate to glucose 6-phosphate and fructose, further demonstrating the need for an enzyme capable of phosphorylating fructose. Since S. mutans cells also contain phosphoenolypyruvate-dependent mannose phosphotransferase activity (21), a similar role for this enzyme in mannose metabolism at low pH values might be expected.
